Novel anti-oxidants based on the buckminsterfullerene molecule were explored as neuroprotective agents in cortical cell cultures exposed to excitotoxic and apoptotic injuries. Two polyhydroxylated C 60 derivatives, C 60 (OH) n , n 5 12, and C 60 (OH) n O m , n 5 18-20, m 5 3-7 hemiketal groups, demonstrated excellent anti-oxidant capabilities when tested by electron paramagnetic spectroscopy with a spin-trapping agent and a hydroxyl radical-generating system. These water-soluble agents decreased excitotoxic neuronal death following brief exposure to NMDA (by 80%), a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA; by 65%), or kainate (by 50%). Electrophysiology and tracer 45 Ca 21 -uptake studies verified that buckminsterfullerenols are not NMDA or AMPA/kainate receptor antagonists. Buckminsterfullerenols also reduced neuronal apoptosis induced by serum deprivation. These results support the idea that oxidative stress contributes to both excitotoxic and apoptotic neuronal death, and furthermore suggest that fullerenols represent a novel type of biological anti-oxidant compound. r
Buckminsterfullerenes, the spherical C 60 molecules commonly referred to as ''buckeyballs,'' have been the subject of intense study over the past 10 years since their discovery. Among their many special properties, these compounds, by virtue of their extensive system of interconnected double bonds, are highly reactive with oxygen free radicals (Wood et al., 1991; Krusic et al., 1991) , leading Krusic to characterize C 60 as ''a radical sponge.'' The potential of buckminsterfullerenes as pharmacological free radical scavengers has not been explored; one obstacle is the poor solubility of native C 60 , which can be dissolved only in a limited number of biologically unattractive solvents, such as toluene or benzene. The present study was triggered by the availability of novel polyhydroxylated watersoluble derivatives of C 60 , fullerenol-1 (F-1 5 C 60 (OH) n O m , n 5 18-20, m 5 3-7 hemiketal moieties) and fullerenol-2 (F-2 5 C 60 (OH) n , n 5 12). We set out to determine whether fullerenols retained the free radical scavenging properties of native C 60 and, if so, whether they would be neuroprotective in glutamate receptormediated excitotoxicity and serum deprivation-induced apoptosis.
Overactivation of glutamate receptors with resulting excitotoxic neuronal injury has been implicated in the pathogenesis of neuronal loss in the CNS following several acute insults (Choi, 1988) , including hypoxiaischemia (Meldrum, 1985; Rothman & Olney, 1986; Sheardown et al., 1990 ), trauma (Faden & Simon, 1988 , epilepsy (Griffiths et al., 1984) , and certain neurodegenerative disorders (McGeer & McGeer, 1976; Greenamyre et al., 1985) . The concept that oxidative stress may mediate a component of excitotoxic neuronal damage is supported by the ability of free radical scavengers 1 To whom correspondence should be addressed at the Department of Neurology, Box 8111, Washington University School of Medicine, 660 S. Euclid Ave., St. Louis, MO 63110. Fax: (314) 362-2826.
